Chemical disinfection of drinking water results in the formation of disinfection by-products (DBPs). This paper reviews evidence on the overall toxicity of disinfected water instead of focusing on the effects of individual DBPs. The possible health effects of ingesting DBPs include development of cancer and adverse reproductive/developmental outcomes. Only a few of the 600-700 chlorinated by-products are regulated, accounting for only a small portion of the overall toxicity of DBPs. This review showed that current water quality management, based on complying with standard values set for individual DBPs, is insufficient in responding to overall toxicity from DBP species. Because water suppliers typically focus their water quality management efforts on meeting the defined maximum concentration standards for individual regulated parameters, current water management practices may not adequately focus on effectively reducing overall DBP toxicity. Therefore, we recommend a progressive shift towards preventive and holistic DBP management based on a comprehensive health-based risk assessment that takes into account the overall toxicity and is supported by a validation of the control processes. We also present a prioritized research agenda that will help determine risk assessment and management and facilitate the development of regulations. This includes the development of an index for overall DBP toxicity.
by monitoring increased numbers of DBP species, because regulation and monitoring of more DBPs has both scientific and financial constraints. These constraints are acknowledged in the Guidelines for Drinking-water Quality (World Health Organization ), which recommend a general shift in emphasis away from monitoring an increasing number of chemical parameters in favour of preventive risk management. Therefore, efforts have focused on the overall toxicity of drinking water.
Here we review the results of studies on the overall toxicity of disinfected water instead of focusing on individual DBPs. The toxicity described in this report includes not only carcinogenicity but also reproductive and developmental toxicity. First, this paper presents evidence that demonstrates the presence of toxicity in disinfected water that cannot be attributed to the currently regulated byproducts. This confirms the importance of estimating the overall toxicity of drinking water. Next, we review attempts to evaluate the overall toxicity of disinfected water using in vivo bioassays. We discuss problems with these assays and describe ongoing related research by the US Environmental Protection Agency (US EPA). Finally, we highlight requirements of future drinking-water quality regulation and make recommendations.
IMPORTANCE OF ESTIMATING OVERALL TOXICITY OF DISINFECTED WATER
Contribution of individual by-products to the toxicity of chlorinated water Some researchers have measured the concentrations of by-products and examined the toxicity of individual by-products by in vitro bioassays. Table 1 shows an example obtained by Itoh & Echigo () . The chromosomal aberration test using Chinese hamster lung cells and the transformation test using mouse fibroblast cells were performed as indices to estimate the initiation and promotion, respectively, in the carcinogenesis process. Three byproducts: chloroform, dichloroacetic acid (DCA) and trichloroacetic acid (TCA), contributed 2.9% of the chromosomal aberration-inducing activity and 1.4% to the transformation efficiency. The contributions of MX (3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) and bromate ion were almost negligible (less than 0.1%).
Previous research has also reported that individual DBPs make small contributions to overall mutagenicity, as reviewed by Donald et al. () . Meier et al. () estimated that the summed mutagenicity of ten chlorinated by-products was only 7-8% on TA100 and less than 2% on TA98 by the Ames test. Research using the Ames test has shown that MX contributes from 0.2 to 60% of the mutagenicity of chlori- It is widely known that the individual by-products analysed in these studies account for a small proportion of the 
Contributions of organobromine compounds and bromate ion
In general, the concentrations of brominated by-products formed by chlorination are lower than those of chlorinated by-products. However, brominated low molecular weight by-products such as brominated THMs and haloacetic acids (HAAs) are more toxic than chlorinated by-products (Plewa et al. ; Richardson et al. ) . A complex mixture of by-products from humic acids formed by hypobromous acid has threefold greater mutagenicity than that formed by hypochlorous acid (Echigo et al. ) .
A previous study assessed the contribution of organobromine by-products to the induction of chromosomal aberrations in chlorinated water (Echigo et al. ) .
Total organic chlorine (TOCl) and total organic bromine Cl 2 /mg C. In most chlorinated waters, the concentration of TOBr is far lower than that of TOCl; however, TOBr is more toxic. Thus, the contribution of TOBr can be unexpectedly large. In some parts of the world the concentrations of naturally occurring bromide ions in source waters are often over 100 μg/L. In these cases, the contribution of TOBr to overall toxicity may exceed that of TOCl.
The contribution of bromate ions to the toxicity of ozonated and chlorinated water is very small or negligible, as shown in Table 1 . Thus, toxicity that decreases or increases is present in chlorinated water. The increasing toxicity (promotion activity) is present in chlorinated water; however, initiation activity dramatically decreases. As the toxicity of water is measured by in vitro assays in this study, it is not possible to reach a conclusion on the change of toxicity on the human body. However, it should be noted that the overall However, the use of alternative disinfectants has had unexpected consequences, including the production of a different set of toxic DBPs (Sedlak & Von Gunten ) .
For this reason, we have to consider the overall level of toxicity of water that is formed by these disinfectants, in addition to typical halogenated DBPs. A major advantage of chlorine dioxide over chlorine is that it produces significantly lower levels of halogenated organic compounds. Figure 4 shows, however, that the chromosomal aberration-inducing activity produced by chlorine dioxidation is stronger than would be expected based on the quantity of the formed by-products. Therefore, it is important to note that the use of chlorine dioxide instead of chlorine as an alternative disinfectant does not dramatically reduce the mutagenicity of the treated water. Assuming that the drinking water is retained in distribution systems typically for less than two days, Figure 4 also suggests that the mutagenicity of chlorine dioxide-treated water would be 70-80% of that of chlorinated water -a potential advantage of chlorine dioxide treatment. In addition, although chlorine dioxide-treated water is less mutagenic than chlorinated water, the difference is small when the drinking water remains in the distribution system for a long period of time.
Thus, while at face value chlorine dioxide treatment can 'solve' the THMs problem, it should be noted that it is similar to chlorine in terms of the mutagenicity of drinking water.
Chlorate ion and chlorite ion are formed as inorganic by-products by chlorine dioxide and standard values have been set for these by-products that prevent its widespread use because they are not easy to achieve. The finding presented here is an additional limitation in using chlorine dioxide. 
Contribution of DBPs to the estrogenic effects of drinking water
The potential health risks of endocrine disrupting chemicals (EDCs) were of great public interest in the mid-to-late 1990s.
Many epidemiological studies have been conducted to examine the relationship between adverse reproductive and developmental outcomes and exposure to chlorinated drinking water. Some reviews of these studies (Zavaleta In addition, this study demonstrated that the estrogenic effect of concentrated Lake Biwa water using the XAD7HP resin increases up to 2.3 times upon chlorination.
The reasons that chlorination increases the estrogenic effect could be: (1) chlorine produces by-products such as organochlorine substances, which are estrogenic; (2) a low molecular weight fraction, which may bind to the estrogen receptor in a cell, increases as a result of the oxidation and hydrolysis caused by chlorination; and (3) chlorine releases estrogenic substances, which interact with humic substances in the aqueous environment. Itoh et al. (b) revealed that the main factor affecting the increase in the estrogenic effect is the effect of chlorination by-products.
However, it has not been successful in detecting specific by-products contributing to the increase in the estrogenic effect.
In addition, coagulation and activated carbon treatment decreased the estrogenic effect of the source water, but chlorination increased the estrogenic effect of the source water and treated waters (Itoh et al. ) . These results suggest that the estrogenic effect is formed by the reaction of chlorine with organic matter that remains after water treatment. It should be emphasized that this phenomenon is very similar to the formation of THMs in the drinking water treatment process; that is, NOMs are major precursors for both the estrogenic effect and THMs.
On the other hand, the estrogenic effects of most micropollutants decrease after chlorination as shown in Figure 5 (a).
The effects of chlorination of bisphenol A (BPA), 4-nonylphenol (4-NP), estrone (E 1 ), 17β-estradiol (E 2 ), estriol (E 3 ), 
ATTEMPTS TO ESTIMATE THE OVERALL TOXICITY OF DISINFECTED WATER
In vitro mutagenicity testing
As discussed above, we have to pay much attention to 
In vivo testing
It is essential to estimate the overall toxicity of disinfected water with in vivo assays so that the toxicity of TOX (i.e.
complex mixtures of chlorinated water) can be estimated.
However, only a few carcinogenicity studies using experimental animals have been conducted. DBPs based on epidemiological evidence. In vivo assays using experimental animals should be given a higher priority to derive a health-based value of a DBP mixture.
Toxicity estimation project initiated by the US EPA
Available evidence suggests that it will be essential to perform in vivo toxicity tests on disinfected water to obtain results that can be used to derive water quality standards for TOX (μg Cl/L). In the future, monitoring and managing drinking water quality using a standard value of TOX should be implemented in the case of chlorinated water. The US EPA has initiated the Integrated Disinfection Byproducts Mixture Research Project for this purpose (Simmons et al.
, ).
In this project, the following in vivo toxicology tests will be performed: reproductive and developmental toxicity, mutagenicity, carcinogenicity, immunogenicity, hepatic/ renal toxicity, neurotoxicity, developmental neurotoxicity, and kinetics/metabolism. In vitro bioassays on similar types of toxicity have also been designed to be performed.
It is very valuable that, in addition to in vitro bioassays, Since obtaining useful information for actual regulation depends on the progress and success of in vivo bioassays, they should be given a higher international priority.
CONCLUSIONS AND RECOMMENDATIONS
The regulation of DBPs has played a great role in producing safe drinking water; however, there are numerous limitations with the current system. Only a few of the 600-700 chlorinated by-products are regulated, accounting for only a small portion of the overall toxicity represented by DBPs.
Water suppliers typically focus their water quality management efforts to comply with defined maximum concentration standards for individual regulated parameters.
As a result, toxicity from causes other than regulated by- Therefore, in vivo assays with experimental animals should be given a higher international priority.
